Nanostructured ferritic oxide dispersion strengthened (ODS) alloys are promising materials for high-temperature applications as they contain uniform nano-oxide dispersoids, which exert a Zener pinning force to inhibit dislocation movement and retard the recrystallization process. Recrystallization behaviour of iron-based ODS alloys is complicated and strongly depends on the deformed state of severely strained materials. In the present work, the effect of cold rolling followed by annealing on the development of recrystallized grain structures was investigated. A different level of cold deformation introduces the heterogeneous distribution of stored energy in the material. Inhomogeneous microstructure stimulates nucleation of recrystallization. This paper investigates variations of stored energy and dislocation density with varying levels of strain using DSC and TEM. The results indicate that heavy deformation alters the amount of stored energy and the number of effective nuclei and therefore it affects the rate of recrystallization. In addition, the change in stored energy is related to the number and configuration of the dislocations in the material.
Introduction
Nanostructured ferritic oxide dispersion strengthened (ODS) alloys produced by mechanical alloying (MA) are strong candidates for high-temperature structural material such as high temperature heat exchangers 13) or advanced nuclear power plants. 46) Oxide dispersion strengthened alloys exhibit excellent creep strength and high resistance to irradiation damage.
710) The improved properties in these alloys can be attributed to a high density of YAlO dispersoids which are nanoscale, uniformly dispersed oxide particles that act as pinning points to inhibit dislocation movement in the metal.
1113) The yttria dispersoids are normally aligned in the direction of extrusion or rolling, resulting in columnar grains with a large aspect ratio after a further heat treatment at 1380°C for 1 h in air.
1417) PM2000 is a ferritic ODS alloy and contains high levels of aluminum in the matrix leading to the formation of a stable alumina layer at the alloy surface which is favourable in respect to oxidation resistance at elevated temperatures. 18, 19) A thermo-mechanical process such as hot-extrusion or hot-rolling is usually used to obtain a fully dense material. After severe plastic deformation, microstructural heterogenities develop and consequently a high stored energy is generated to encourage the nucleation of recrystallization. The texture change during cold-rolling is also considered to be important in determining the recrystallization behavior of the ODS ferritic steels. 20, 21) The purpose of the present work is to investigate the effect of cold deformation followed by annealing on the recrystallization behaviour of a ferritic ODS alloy. A different level of cold reduction was performed to generate a strain gradient. Microstructure is heterogeneous in cold rolled material which facilitates the recrystallization process. This paper also investigates variations of stored energy and dislocation density with varying levels of strain by using calorimetry and transmission electron microscopy (TEM).
Experimental Procedure
The sample studied was a hot-rolled sheet of PM2000, an iron-based alumina forming alloy produced by Plansee GmbH. The raw powder was mechanically alloyed in a high-energy ball mill to produce an alloy with the chemical composition of Fe20Cr5.5Al0.5Ti0.5Y 2 O 3 (in weight percent). A process control agent (PCA), e.g., stearic acid, is normally added to minimize cold welding between powder particles and to inhibit agglomeration. The milled powder is consolidation either by hot extrusion (HE) or by hot isostatic pressing (HIP) at ³1000°C. The consolidated material is then hot rolled to produce a 2 mm thick sheet in a fine elongated grain structure for the as-received condition. In order to understand the effect of different amounts of cold deformation on recrystallization behaviour, as-received materials were then cold-rolled for a 30, 50 and 70% reduction in thickness. All samples were further annealed at 1380°C for 15, 30 and 60 min in air. The microstructural evolution was examined by Hitachi-4700 scanning electron microscopy (SEM). Dislocation density was investigated by an FEI Tecnai G2 20 S-Twin TEM. In this work, differential scanning calorimetry (DSC) was used to analyze the variation of stored energy and recrystallization behaviour in cold-rolled PM2000 sheets with different levels of strain. In order to improve the accuracy of DSC measurements, the reference crucible was either empty or contained the recrystallized sample. Vickers hardness measurements were performed at room temperature using a load of 1 kg for 15 s.
Results and Discussions
3.1 Cold-rolled samples annealed at 1380°C 3.1.1 As-received sample Figure 1 shows the microstructural evolution of the asreceived sample after high-temperature annealing for 15, 30 and 60 min. The fine-scale, elongated grain structures were observed in all annealing conditions and have an average hardness value of 305 HV, see Figs. 1(a), 1(b) and 1(c). The obtained results of hardness and microstructure are similar to that of the as-received sample without any heat treatment. This confirms that only recovery has taken place in this stage as no recrystallization was observed. The stored energy of the materials is lowered by dislocation movement during recovery. 17) However, the microstructure obtained in this stage is unusual for a PM2000 alloy subjected to such an annealing schedule. In general, after annealing at 1380°C for 1 h, PM2000 alloy would be expected to form coarse recrystallized grain structures (>50 µm). This suggests that in the present case the PM2000 alloy has been produced at a higher than normal temperature during the hot rolling process or, alternatively, as a result of an intermediate temperature post-consolidation anneal, recovery occurred reducing the stored energy below the critical level necessary to effect subsequent recrystallization. 22) It is believed that a significant amount of prior recovery may in turn influence the nature and kinetics of recrystallisation because recovery lowers the driving force for recrystallization. 3.1.2 The 30% cold-rolled sample Figure 2 shows the microstructure of the 30% cold-rolled sample after heat treatment for different times. The optical micrographs show that the elongated fine-grain structures with a hardness value of 297 HV and 309 HV were found after annealing at 1380°C for 15 and 30 min, as shown in Figs. 2(a) and 2(b). This implies that the recovery is the predominant process on these time-scales and reduces the stored energy associated with dislocations in the material. With further annealing times up to 60 min a few recrystallized grains had started to form near the surface of the cold-rolled sample with the lowest hardness (268 HV). It is believe that during the cold-rolling process the strain path is not constant and normally introduces large shear deformation near the sheet surface where sufficient driving force stimulates nucleation of recrystallization. It should be noted that the recrystallized grains have coarse and elongated grain structures that provide high temperature strength properties. This unusual recrystallization behaviour is attributed to the presence of yttrium oxide particles which pin mobile dislocations at grain boundaries. However, no recrystallized grains were found in the middle region of the sample annealed for 60 min which has the highest hardness value (313 HV). 3.1.3 The 50% cold-rolled sample Figure 3 shows the microstructure of the 50% cold-rolled sample after heat treatment. After 15 min of annealing, see Fig. 3(a) , large elongated recrystallized grains were visible in the surface of the cold-rolled sample. This implies that the small amount of superimposed cold deformation near the surface of the sample, where there is higher shear strain, encourages the nucleation of recrystallization. As the annealing time is extended to 30 min, Fig. 3(b) , it is clear that a number of recrystallized grains are formed nonuniformly on the sample, suggesting that the deformation heterogeneity introduced by cold rolling provide a number of nucleation sites that encourage recrystallization, which has a significant influence on the evolution of the local grain structure. There is a transition region with the hardness value of 283 HV, indicating an unstable state where recovery and recrystallisation are competing processes as both are driven by stored energy of the deformed stage. When the annealing time is increased to 60 min, Fig. 3(c) , only a few regions exist where the grains were not recrystallized and large recrystallized grains were developed along some initial grain boundaries. Further growth of the recrystallized grain may occur due to the unstable microstructure. 3.1.4 The 70% cold-rolled sample Figure 4 shows the microstructural evolution of the 70% cold-rolled sample after annealing for different times. The severe plastically cold-rolled sample has a large stored energy, which increases with strain and provides the driving force for recrystalllisation. After annealing for 15 min, it was observed that the sample is ³50% recrystallized, Fig. 4(a) , suggesting that both nucleation and growth rate occur more rapidly in the highly deformed stage. Complete recrystallization was found after annealing for 30 min, indicating that the recrystallized grains grow into deformed or recovered materials from which it is separated by a high angle grain boundary. The heavy deformation alters the amount of stored energy and number of effective nuclei and this affects the rate of recrystallization. Additionally, recrystallized grains with a high aspect ratio were examined. This revealed that the heterogeneities introduced to the recrystallization process. It is believed that the higher strain will provide more nuclei and encourage formation of a high aspect ratio of recrystallized grains. In the case of the sample annealed for 60 min, a number of small voids were detected. It is possible that during the mechanical alloying process the atmospheric gas was entrapped in the milled powder. In addition to the process, previous research has suggested that formation of the void is attributed to the relaxation of the stress-concentration gradients.
23)

DSC analysis
Evolution of stored energy after cold rolling was further investigated by using DSC. Figure 5 (a) shows four DSC curves measured under different levels of cold deformation conditions with the heating rate at 10 K min ¹1 and empty reference crucible. The results show a large and sharp exothermic peak at a temperature of around 1325°C represents recrystallization for all samples. The DSC curves also reveal different deformed conditions associated with initial recrystallisation temperatures. As a result, the 70% cold rolled sample has a lower initial recrystallisation temperature of around 1130°C in comparison with the asreceived sample where it is around 1200°C. It is clear that recrystallization is initiated at lower temperatures when samples are subjected to greater cold rolling reduction. This corresponds to an increase in the stored energy which in turn raises the driving pressure for recrystallisation.
In order to improve DSC accuracy, the reference was made of the same alloy as the sample but it was in a recrystallized state. The results illustrate that the sharp exothermic peak observed in the DSC spectrum of the 70% cold rolled sample, Fig. 5(b) , indicates a large amount of stored energy. As the cold deformation decreases a broad exothermic peak was observed on the DSC curves. Thus, it can be seen that there is almost no significant exothermic peak detected from the asreceived sample. This result is consistent with microstructural observations that showed an absence of recrystallization. It is believed that during heat treatment at 1380°C, the small amount of stored energy in the as-received sample did not provide a sufficient driving force for recrystallization. In most cases all recovery activities take place at this stage. It should be noted that measurement of the changes in stored energy is related to the number and configuration of the dislocations in the materials. Figure 6 shows the DSC data for the 50% cold rolled sample compared with the hardness changes during recrystallization. The samples were rapid cooled from a variety of temperatures in order to measure the change in hardness at any stage of recrystallisation. The results show that the peak temperatures revealed from the DSC curve is 1320°C, which corresponds to the softening point where the hardness was found to decrease significantly, indicating the transition point between recovery and recrystallization. It is reasonable to assume that many of them being in a partially recrystallized state.
3.3 TEM investigations 3.3.1 As-received stage Figure 7 show a typical microstructure of the as-received PM2000 alloy without annealing. The fine-elongated grain structure was present and aligned nearly parallel to the rolling direction as shown in Fig. 7(a) . Oxide dispersed particles are clearly visible and tend to interact with dislocations, Fig. 7(b) , which provide evidence of particles pinning dislocations and the formation of sub-grain boundaries in the microstructure. This in turn affects the recovery and recrystallization behaviour. In this stage, the dislocation density is thought to be insufficient to provide the driving force for recrystallization. Additionally, in earlier work, different oxide types are identified (Y 2 O 3 , YAlO 3 and Y 2 Al 5 O 12 ) and the mean particle size is about 20 nm in the as-received state.
8) It should be noted that the particle size can strongly affect both the recrystallization kinetics and the final grain size.
8) With decreasing inter-particle-distance, retardation of recrystallization can be produced. Figure 8 shows TEM images of the dislocation patterns and their evolution in the cold-rolled samples at different degrees of reduction without any further heat treatment. Figure 8 (a) presents the dislocation patterns observed in the 30% cold rolled sample. It is seen that the dislocation patterns consist of discrete dislocation lines. The dislocations are usually formed at grain boundaries or inclusions and pinned by nano-oxide particles. Dislocation tangles and dislocation lines were found in the microstructure after cold rolling up to a reduction of 50% as shown in Fig. 8(b) . Inhomogeneous deformation generated by the cold rolling process is usually the result of complicated dislocation patterns. When the cold rolling produces a 70% reduction in thickness, the dislocation pattern illustrates the formation of heavy dislocation tangles or dislocation cells as shown in Fig. 8(c) . It is believed that the dislocation density increases with the increase of cold deformation. The relatively high dislocation density associated with high strain, interaction of dislocation slips or nanoparticle pinning effects. It is expected that dislocation tangles will become prevailing in the microstructure after further heavy deformation.
Cold-deformed stage
Recrystallization stage
In order to compare the microstructure of the deformed stage, the 70% cold-rolled sample has undergone isothermal annealing until complete recrystallization had occurred. Figure 9 shows TEM image of the recrystallized microstructure. Large recrystallized grains that were dislocation free were observed in the microstructure. Oxide particles were still distributed uniformly in the alloy matrix. There is no significant evidence of the pinning of dislocations by the particles in the recrystallization stage.
Conclusions
PM2000 alloys have been subjected to various degrees of cold deformation followed by annealing. The results show that fine-scale, elongated grain structures are observed in the as-received sample after annealing, which confirms that only recovery has take place with no observable recrystallization. A few recrystallized grains had started to form near the surface of the 30% cold-rolled sample annealed for 60 min. It is believe that during the cold-rolling process the strain path is not constant and introduced a large shear deformation near the sheet surface and stimulates a sufficient driving force for nucleation and then recrystallization. Complete recrystallization is found after annealing for 30 min in the 30% coldrolled sample. The DSC results show that recrystallization is initiated at lower temperatures when samples are subjected to greater cold rolling reduction. An increase in the stored energy increases the driving force for recrystallisation. TEM investigations illustrate that the dislocation density increases with the increase of cold deformation. Inhomogeneous deformation generated by the cold rolling process is usually the result of complicated dislocation patterns. 
